INTRODUCTION
A long history of employing teleoperation to control both robotic manipulators as well as mobile robots exists. While there are many success stories (i.e. Adams, 1995; Bruemmer et al., 2005; Fong et al., 2003; Kaber et al., 2000) , teleoperated control of mobile robots has some severe limitations. One such limitation is the number of robots a single human is able to simultaneously control. Adams' early evaluation (Adams 1995) demonstrated that a single novice operator could teleoperate four mobile robots to complete simple indoor tasks in a static environment. Recent results (i.e. Bruemmer et al., 2005; Parasuraman et al., 2005; Trouvain et al. 2003 ) also demonstrate that a single human can effectively teleoperate four to five robots. However, pure teleoperation typically results in the human focusing upon a single robot at a time. The human typically works with each robot in a cyclic or serial manner. Finally, when the human focuses on a single robot, typically one or more of the other robots sits idle awaiting additional instruction. Therefore, as a whole, the human-robot team is unable to obtain its' full potential.
There is a desire to move from systems containing a single or a small number (five or fewer) robots to systems containing a very large number of robots. A stated objective is to have a single human supervise as many as 100 robots. This objective implies many changes to prior Human-Robot Interaction (HRI) research focuses. First, human's cognitive capabilities limit the total number of robots a single human can supervise to a number significantly smaller than 100 robots. Second, the teleoperation paradigm is not practical for robotic systems containing more than five robots. Third, HRI must move beyond the engineering design approach that designs the robot and then designs an HRI to a User Centered Design (UCD) process that considers the human's workload, vigilance, situational awareness, etc.
In order to provide an HRI permitting a single operator to supervise a large number of robots, the HRI development must focus on the future system users. An existing human system may be the focus prior to determining the robotic and HRI system design, as is described in this paper. UCD needs to be employed at the earliest point in the system design. HRI research for large robotic teams must incorporate human operator limitations while providing capabilities to support the required tasks (Adams, 2002) .
Some researchers may say: "improve the robots' autonomous capabilities to be more robust by improving navigation, localization, object avoidance, …" Improving standard autonomous robot capabilities will not solve the problem. The number of robots a single human can supervise may increase to a more than five, but this solution alone will not provide a significant improvement to the human-robot ratio. Rather, it is necessary to provide capabilities to support the human's decision processes (i.e. Parasuraman et al.'s (2005) Playbook TM ). However, introducing large amounts of autonomy also introduces new problems, such as out-of-theloop syndrome, over-reliance on automation, etc. (Parasuraman et al., 2000) . Therefore, it is necessary to understand how to properly integrate autonomy.
Many in the HRI field have only recently recognized the need for applying UCD and other standard human factors techniques. There have been those over the last 15 or so years who have incorporated such techniques (i.e. Adams, 1995; Endo et al., 2004 , Crandall et al., 2005 Kaber et al., 2000, MacKenzie and Arkin, 1998) . Recently, more researchers have recognized the need for user feedback during HRI development and are incorporating some form of user evaluation into the process. However, many are still not implementing true UCD. An often cited issue is the inability to access real users. In fact, most HRI operators are the developers themselves. User evaluations tend to incorporate "similar" users who are university students. Robotic systems for Urban Search and Rescue (USAR) represent one area that has begun to implement true UCD (Burke, et al., 2004; Casper and Murphy, 2003) . Murphy's team works with actual USAR personnel, providing robotic training and participating in training exercises. Jones and Hinds (Jones, 2003; Jones and Hinds, 2002) took an approach focused on the development of a robotic system based upon studying SWAT teams. They conducted an ethnographic analysis of SWAT team training and used this analysis to design and develop an HRI.
The work presented in this paper focuses on understanding the human-robotic system needs and requirements by first understanding the existing human team and then designing the HRI and associated robotic system. The presented research involves working directly with the Nashville Metro's Police department's Bomb Squad and Fire department's HAZMAT team to develop a robotic system for Chemical, Biological, Radiological, Nuclear, and Explosive device (CBRNE) search and rescue.
CBRNE search and rescue activities cover large areas and require human rescuers to enter contaminated areas to search for additional weapons and survivors. Personnel wear Personal Protective Gear (PPG) designed to limit exposure to potential contaminants. The PPG provides a twenty-minute oxygen supply, thus limiting the total search area and requiring intense communication to ensure a successful search as a new crew enters the site (Pence, 2004) . Personnel are tasked with locating survivors and with determining if an actual contaminant exists. The focus of this work is to improve the CBRNE team capabilities while minimizing the risk to highly trained personnel. The desire is to develop a robotic system that could be integrated into the human team.
Our work focuses on understanding how the human team achieves such activities and identifying the appropriate tasks into which robots could be incorporated. We are employing two different techniques, with slightly different perspectives. This particular paper focuses on the application of Endsley et al.'s (2003) Goal-Directed-Task Analysis and the corresponding situation awareness principles. We are also employing Cummings and Guerlain's (Cummings, 2003; Cummings and Guerlain, 2003) Modified Cognitive Work Analysis technique.
The following section explains why situation awareness is vitally important to HRI development for large multiple robotic systems. The method being employed is then described and preliminary results are provided. Finally, we present a discussion, conclusions and future work.
SITUATION AWARENESS
HRI development for a distributed multiple robot system with a single or small number of human operators requires the HRI to support the human's situational awareness (SA) (Endsley, 1988) . Generally SA is a human's understanding of what is happening around the human operator at the current point in time and in the near future. The operator of a distributed multiple robot system requires an awareness of the remote environment in which the robots are located. Endsley (1995) states: "a person's perception of the relevant elements in the environment, as determined from system displays and directly by the senses, forms the basis for his or her SA." Endsley et al. (2003) believe that when dealing with complex, dynamic environments, performance is highly dependent upon decision-making and that SA drives decision-making.
Why is SA important to HRI? As the number of robots in a system increases and the associated task difficulty increases, it will become more difficult to maintain the human operator's awareness level regarding the situation and system activities. The environments in which multiple robot systems are expected to operate in are complex and dynamic.
A subset of the HRI researchers has recognized the importance of SA. SA has been raised as a critical HRI consideration (Adams, 2002 Lewis et al. (2003) compared a standard fixed camera to a gravity-referenced display and found that the gravity referenced display improved SA.
The operator's ability to make sound decisions while monitoring and guiding a multiple robot system will be dependent upon providing SA tools that support decisionmaking. This is the focus of the work presented in this paper. Endsley et al. (2003) describe a methodology incorporating design for SA with standard UCD principles. Fifty design principles are outlined and insight into the applicability of the various SA assessment techniques is provided. They recommend Goal-Directed Task Analysis (GDTA) for identifying the operator's basic goals, major decisions, and SA requirements. Their techniques have been applied to the aviation and military domains. These principles and evaluation techniques are being applied to this work.
METHOD
The first step is to obtain the HRI SA requirements based upon user needs. A clear understanding of the interactions, capabilities, and necessary information in the existing human system is required in order to develop the HRI requirements. GDTA and SA design principles are incorporated into the procedure. A few robotics researchers have incorporated aspects of true UCD into their work; this work applies a complete UCD process with a focus on SA. We believe this is the first application of GDTA and SA focused design to multiple robot domains. This work began by obtaining a generic understanding of the CBRNE search and rescue domain based upon interviews and supporting documentation provided by Nashville Metro's Bomb Squad and HAZMAT team. This information provides terminology, standard practices, and essential team activities during an event. This initial step identifies basic team member goals that outline high-level user needs, interactions, communication capabilities, chain of command, and potential tasks for further studied. Multiple interviews will be conducted, thus resulting in revisions to the Goal-Decision-SA requirement structure. This structure will be the basis for future interviews and exercise observations. Observation of actual search and rescue training exercises will provide critical input and verification. Multiple training sessions will be observed; and the Goal-Decision-SA requirement structure will be updated after each session to provide direction for observations and interviews during future exercises.
GDTA provides a mechanism to understand the SA requirements as well as the user needs and objectives. The purpose is to determine what the operators need and want to know for each goal.
PRELIMINARY RESULTS
This work recently began, therefore only a preliminary Goal Hierarchy is provided. The CBRNE domain is complex and involves a number of cooperating emergency responders. Depending upon the attack's level and scope, the responders may include local responders, statewide personnel (i.e. Tennessee Emergency Management Agency), and national personnel (i.e. Federal Emergency Management Agency and FBI). Generally, responders include law enforcement, fire services, emergency medical services, emergency management, and pubic works. Each group works toward the overall common goal while also attaining their specific goals. Figure 1 provides a preliminary overall CBRNE search and rescue goal hierarchy. Even though a particular event may include multiple responder types, the highest-level goals are very similar across responders. All responders must recognize hazardous material incidents and detect weapons of mass destruction. Personnel must limit their exposure to the particular contaminant and preserve their safety while protecting the crime scene and conducting an evacuation, search and rescue. Throughout the activities, a high level of communication is required to maintain an overall situation awareness. Figure 1 represents a very preliminary list of the overall goals and numerous additional goals are anticipated.
Communications during a CBRNE event are absolutely critical. Klein's (1999) Incident commanders (IC) must have a full understanding of the situation in order to guide and coordinate the search and rescue activities. The IC requires information from multiple sources in order to obtain complete situation awareness. This includes structural engineers who assess the building's structural integrity and the search and rescue personnel who are searching the buildings for victims. ICs use tools such as RF radios, computers, fax machines, and sticky notes to maintain their understanding of an event.
As was previously mentioned, the individuals entering buildings during a CBRNE event wear personal protective gear (PPG) that limits the time frame during which they can conduct their activities. Therefore, there is a very high personnel turn over rate during search activities. The PPG can also limit the communication capabilities. The communication between the search personnel must be efficient, effective, and complete. It is not uncommon to see information written on the ground at the entry of a building. during the search it is common to find information written on the building walls and floor indicating which direction personnel have gone, areas have been searched, and where victims have been found. This information, albeit primitive, is absolutely critical to ensure the search and rescue operations are conducted as quickly, safely and completely as possible. Figure 2 provides a preliminary communication goal hierarchy. This hierarchy indicates sub-goals that cross responder types. All responders must be able to determine when and what type of assistance is required and successfully request such assistance. The responders must communicate the event and their activities to those in the hot zone (contaminated area) and to the IC located in the cold zone (a location away from the hot zone). Depending upon the weapon employed, there may be varying hazard levels. It is possible that a chemical release may be contained to particular portion of the building. It is also possible that the contamination can cover miles. Therefore, the responders must be able to communicate the degree of the hazard. As well, there may be multiple hazards that are the same or different in nature. Each hazard must be communicated to the appropriate personnel. Receiving commands and coordinating cross team activities are further examples of required communication. As well, the appropriate public warnings must be issued.
If focusing on reporting the degree of hazard, one can see that SA becomes important across the various responders. The individuals in the building conducting the search have limited sensory capabilities due to their PPG. However, the responders must be able to obtain Level 1 SA by perceiving the environment. The basic environmental feedback may be the visual inspection of a canister that contained a chemical aerosol. The perception may also include feedback from a chemical level detection device. The responder then combines the various perceptual elements to understand the situation (Level 2 SA). A proper situational understanding will drive the search and rescue activities. Once the responder understands the situation, that information must be communicated to the IC and other responders so that appropriate actions may be taken. The responder may also be responsible for projecting future activities (level 3 SA). It is more likely that the IC processes the information received from the responder (IC: Level 1 SA) in order to develop his or her own understanding of the situation (IC: Level 2 SA). The IC then coordinates and projects the future activities (IC: Level 3 SA) to reconcile the incident.
DISCUSSION
Thus far, the preliminary work focuses on the human CBRNE search and rescue activities as they are currently conducted. An understanding of the how the human teams conduct such activities will allow us to determine how robots may be incorporated. Current robotic technology will limit the types of activities that robots can successfully complete.
The Preliminary Results section and Figure 2 focus on the communication goals that must be maintained in the human CBRNE search and rescue team. It is anticipated that a similar levels of communication and communication goals will exist in the CBRNE human-robot search and rescue team. It will be critical to fully understand the existing communication goals, and the associated SA requirements (at all levels) in order to develop similar capabilities for the human-robot team.
The example provided in the Preliminary Results section of written communication on the entry floor and walls works very well for humans but will not work well when robots join the team. Humans have superior visual, interpretation, and memory capabilities. Robotic visual perception and interpretation are still far below those of humans. At the same time, the communication mechanism preferred for a robot may be of little use to a human. It is possible that there will be a mix of humans and robots in the building at the same time, either working together or on different tasks. Therefore, determining how to attain this particular communication goal will be critical. The communication mechanism cannot require the human to input the information into a computer while also writing the information on the floor. Nor can the robot be expected to write the necessary information on the floor. Therefore, a new communication interaction mechanism will be required in order to attain this goal for the human-robot team.
Another example of a communication goal affected by the introduction of robots is the communication of event status, activities, and degree of hazard. Robotic sensory capabilities are very limited. Therefore, it is likely that the robot's environmental perception will be different from or not as complete as a corresponding human's perception. The human is able to communicate information to the IC at both SA Levels 1 and 2. If the robot is employed as a simple sensory device (i.e. sense the environment and return percepts), the IC will receive SA Level 1 information. Since the robot has limited sensory capabilities, the presentation of the perceived information will be vital to the IC's situation awareness. In this use of the robot, the IC will not receive Level 2 SA information and must interpret the information without the assistance of a human (i.e. intelligent entity) located in the remote environment. If the robot could obtain Level 1 SA and a certain amount of environmental understanding (Level 2 SA), this may have a positive affect on the IC's situation awareness. Unfortunately, at this point, we are unable to state exactly how human and robotic teams will achieve the communication goals.
SUMMARY
This paper described our approach to developing a humanrobotic system for Chemical, Biological, Radiological, Nuclear, and Explosive (CBRNE) device search and rescue. We are working closely with the Nashville Metro Police and Fire departments to developed a complete assessment of the user needs and requirements for incorporating robots into the existing human-based search and rescue activities. We are employing two techniques in this work, Goal Directed Task Analysis that incorporates SA design principles (Endsley et al., 2003) and the Modified Cognitive Work Analysis (Cummings, 2003; Cummings and Guerlain, 2003) . This paper focused strictly on the application of the Goal Directed Task Analysis.
We have very recently begun this work, and therefore are only able to provide a very preliminary overall domain goal hierarchy. We have included a preliminary Communication goal hierarchy and described how the human teams currently achieve some of the communication sub-goals. We have also provided a brief discussion of how these goals may be affected by the introduction of robots into the team.
Our future work involves completing the Goal Directed Task Analysis and developing the Goal-Decision-SA Requirements structure and a full comparison of the SA requirements. This work will be conducted in conjunction with the Modified Cognitive Work Analysis. We are currently reviewing appropriate domain documentation and conducting interviews with the Metro personnel. Once a sound preliminary structure exists, we will begin actual exercise observations and interviews.
